related to orexin gene expression. However, there was a statistically significant difference in promoter methylation with regard to body mass index in general (F = 2.37, d.f. = 54, p = 0.016, ANOVA). Conclusions: Orexin might be a possible target in THC as well as nicotine dependence, taking into account the effect of THC on energy homeostasis in the circuit of reward and motivation and its impact on appetite and body weight.
Introduction
Psychoactive preparations of Cannabis sativa have been used for medical or religious purposes for over 4,000 years [1] . Cannabis is able to produce mild euphoria, relaxation and perceptual alterations including a disruption of time experience and memory as well as intensification of sensory impressions accompanied by increased sociability [2] . Marijuana is the most commonly used illegal drug worldwide. Since the 1990s, rates of cannabis abuse and even dependence have risen considerably [3] . The majority (90%) of cannabis users who seek treatment to achieve abstinence do not succeed in maintaining abstinence due to unspecific withdrawal symptoms such as irritability, anxiety, marijuana craving and disrupted sleep [4, 5] .
Nicotine dependence in the form of tobacco use is a worldwide phenomenon with captivating influence and massive associated health consequences as well as addictive properties; the majority of cigarette smokers do not succeed in sustaining abstinence due to similar mechanisms as described above [6] .
Recently, the cannabinoid receptors CB1 and CB2 and the existence of endocannabinoids such as anandamide have been discovered, resulting in an increased interest in the neurobiological effects of chronic cannabis abuse or dependence [7, 8] . Endocannabinoids are hydrophobic lipid messengers derived from integral components of the phospholipid layers of various cells; these neurotransmitter-like endocannabinoids are produced 'on demand' and activate cannabinoid receptors locally or at least nearby [9] . CB1 and CB2 are G protein-coupled receptors; CB1 is primarily expressed in the brain whereas CB2 is predominantly found on the cells of the immune system [10] .
The appetite-stimulating effects of the products of C. sativa have been known for a long time, as cannabinoids have been used to abolish loss of appetite and diminish pain and nausea [11] . It has been described that cannabinoids as well as endocannabinoids that act on brain CB1 receptors stimulate appetite and ingestive behaviors at least in part through associations with orexigenic signals [12] . Orexin A seems to play a distinct role in energy homeostasis, regulation of appetite and food consumption, reward and alcohol addiction and withdrawal, gastric secretion, arousal and stress processing and the sleep-wake cycle [13, 14] . Recent research has been able to demonstrate that cannabinoids and orexin have common mechanisms of action, in that hypothalamic orexigenic circuits are involved in reduction of appetite via CB1 receptor antagonism (Rimonabant) followed by weight loss [12] . Cannabinoid receptors have been found to interact with neuropeptide circuits involved in feeding regulation, including the orexins [12] . Biochemical, pharmacological and functional evidence hints at a cross-talk between CB1 and orexin receptors [15] . Orexin deficiency as observed in narcolepsy causes abnormalities in energy homeostasis and reward systems [16, 17] . Nicotine has also been found to interact with the orexin system; a study on human cigarette smokers has demonstrated a negative correlation between orexin plasma concentration and nicotine craving [18] .
Furthermore, an endocannabinoid site of action causing hedonia has been found in the medial shell of the nucleus accumbens [19] . Orexin neurones originate from the lateral hypothalamus, which projects orexin to the nucleus accumbens, as well as the ventral pallidum as the direct recipient of the nucleus accumbens [20] . Hypothalamic orexigenic circuits are correlated with CB1 receptor function in food intake reward processing and reinforcement learning [12] .
In support of the idea that orexin and cannabinoids are involved in reward mechanisms, both agents have been shown to directly affect mesolimbic reward pathways [21, 22] . Considering their influence on dopaminergic transmission and reward processing during feeding, orexin neurones also seem to be implemented in addictive disorders [23] .
Therefore, cannabis consumption leading to activation of CB1 receptors [7] and orexin may interact with each other during pleasure generation, e.g. upon tetrahydrocannabinol (THC) consumption in the brain.
Furthermore, orexin signalling seems to play a critical role in nicotine addiction and withdrawal, as has been shown in animal research [24] .
Nevertheless, addiction is a disease of an individual person who is prone to become addicted to a certain substance such as cannabis or nicotine due to a variety of causes [25] ; among others, the development of dependence upon cannabis consumption seems to be caused by many different genes, with a rather moderate effect of each specific gene [26] . It is not known if THC has an influence on the regulation of epigenetic phenomena such as histone modulation or promoter DNA methylation of specific genes [27] , but it has been shown that cigarette smoking is capable of influencing these epigenetic phenomena in various ways [28] .
Thus, the aim of the present pilot study was to inquire into the possibility of reflecting changes in orexin RNA expression and promoter methylation using a digestion assay-based PCR in peripheral blood lymphocytes comparing THC-dependent subjects with a sex-and agematched group comprising nicotine-dependent subjects and a control group of nonaddicted subjects and therefore nonsmokers in relation to several clinical variables such as sex, age, body mass index (BMI), craving, abuse of several other substances and satisfaction with life.
Materials and Methods

Patients and Study Design
The present study was approved by the Ethics Committee of the University of Erlangen-Nuremberg. In sum, 77 subjects were recruited for this study on a voluntary basis from acquaintances of students. The participants received an adequate amount of compensation money.
Thirty-six of those subjects suffered from THC dependence, and the remainder of the study group comprised 20 age-and sexmatched otherwise mentally and physically healthy cigarette smokers as well as 21 non-and never-smokers. Cigarette smokers did not suffer from any relevant somatic or mental diseases except for their nicotine dependence as assessed by the Symptom Checklist-90-Revised and a physical examination.
Inclusion criteria were cannabis as well as nicotine dependence as assessed by the authors before enrolment into the study, and exclusion criteria were other mental or physical diseases at the time of assessment. Participation was voluntary and could be withdrawn any time.
The 36 THC-dependent subjects had an established diagnosis of THC dependence according to DSM-IV and ICD-10 criteria and signed an informed consent form before participating in any part of the study. Most of them chose to stay anonymous so that data protection was also adequate; the data of those who did not stay anonymous were processed according to the Laws of Data Protection of German Law.
Orexin expression and promoter methylation in peripheral blood lymphocytes was measured in the evenings at 17.00 h to avoid bias due to differences caused by circadian variations.
The mean age in the group of THC-dependent subjects was 31.58 years, with a standard deviation (SD) of 7.1. This group comprised 28 males (77.8%) and 8 females (22.2%) with a mean BMI (BMI = weight in kilograms/square of height in centimeters) of 23.9 (SD 3.2), taking into account both sexes. Cannabis was consumed in every possible way on a daily basis.
The mean age in the group of cigarette-smoking persons was 33.3 years (SD 8.8); 70% of them were male and their mean BMI was 25.6 (SD 2.9). Cigarette smokers consumed a mean of 17.8 cigarettes/day (range 5-35 cigarettes per day, SD 6). The last cigarette before blood was drawn and craving was assessed was smoked 1 h before the procedures.
Nonsmoking subjects had a mean age of 30.9 years (SD 8.7); 71.4% were male and they had a mean BMI of 24.8 (SD 4.2). There were no statistically relevant differences between the three groups.
All of the participants were otherwise physically and mentally healthy as assessed with the Symptom Checklist-90-Revised [29] and a brief physical examination. Furthermore, several clinical scales were applied. The Satisfaction with Life Scale (SWLS) was employed to measure satisfaction with life [30] ; it comprises 5 items that can be answered with a 1-7 Likert scale. Then, a sum score is calculated ranging from 0 to 35 points and used for further analysis. Craving was assessed with a visual analogue scale, and the World Health Organization (WHO) Alcohol, Smoking and Substance Involvement Screening Test (ASSIST) version 3.0 was performed for the assessment of involvement with alcohol, nicotine and illegal substances [31] .
Participants were sober at the time of enrolment into the study. They took no vitamin supplements or other drugs before being enrolled in the study. The subjects showed no nutritional abnormalities, liver cirrhosis, renal or pancreatic dysfunction or psychiatric comorbidities. The enrolled patients did not suffer from comorbid narcolepsy.
Study characteristics of the participants such as medical history, sociodemographic data, time of drug or alcohol consumption and clinical scales were obtained using a semistructured interview in accordance with former studies on alcoholism [32] .
Laboratory Analyses
Fasting blood samples for RNA extraction were drawn at 17.00 h 8 15 min in each case in Paxgene TM Blood RNA tubes (PreAnalytiX GmbH, Hombrechtikon, Switzerland) and were stored at -80 ° C 2 h after collection according to the manufacturer's instructions. Total RNA was extracted from whole frozen EDTA-blood using the Qiacube and the corresponding protocol (QIAGEN GmbH, Hilden, Germany). Reverse transcription was performed using the Bio-Rad Laboratories' iScript cDNA Synthesis Kit (Bio-Rad Laboratories GmbH, Germany) after measuring RNA quality and quantity using Nanodrop as well as an Experion TM Automated Electrophoresis System (Bio-Rad Laboratories). Quantitative PCR was performed using SYBR Green I Master Mix buffer (Applied Biosystems, Darmstadt, Germany), and reactions were run on a Light cycler (Roche TM ) using a 3-step standard protocol. The annealing temperature was optimized for the primer pair and was 61 ° C. PCR products were visualized on standard 2.0% agarose gels with ethidium bromide. ␤ -Actin was used as an internal standard, and the change in threshold cycle ( ⌬ Ct) values were calculated from differences between ␤ -actin and orexin. All experiments were repeated at least 3 times, and the mean value was used for further analysis.
The following primer pairs were used: ␤ -actin forward, 5 -CTGGAACGGTGAAGGTGACA-3 , ␤ -actin reverse, 5 -AAGG-GACTTCCTGTAACAATGCA-3 ; orexin A forward, 5 -CCTTC-CTGGCTGAAGTGAAG-3 , orexin A reverse, 5 -AGTGGGAGA-AGGTGAAGCAG-3 .
Promoter Methylation Analysis of the Orexin A Promoter
Analysis of orexin promoter DNA methylation was performed applying a methylation-sensitive digestion assay as previously described [33] followed by real-time PCR. Firstly, genomic DNA was extracted from whole tissue with the QIAamp DNA Blood and Tissue Kit (QIAGEN Inc., Valencia, Calif., USA) according to the manufacturer's instructions. Afterwards, 0.5-1 mg of genomic DNA was digested overnight with a 10-fold excess of Hpa II or Msp I endonuclease according to the manufacturer's protocol (New England Biolabs, Beverly, Mass., USA). Msp I cuts independently from methylation status at 5 -CCGG-3 sites, whereas cutting by Hpa II depends on the respective DNA methylation status. In a 20-l assay, altogether 40 U of each restriction enzyme were used for 16 h with 20 U initially and another 20 U additionally after 4 h to complete DNA digestion.
To measure promoter methylation of the orexin A gene, quantitative PCR of the orexin A promoter was performed using a SYBR Green I Master Mix buffer (Applied Biosystems) with the primers orexin A forward (5 -TAAATTTACGGTGTTTGGTG-GGTTC-3 ) and orexin A reverse (5 -ACCACGATAAAAAAT-AATAAACTCCGAT-3 ), yielding a product of 212 base pairs.
To amplify the specific promoter region covering a CPG island of approximately 200 bp, PCR was performed as follows. PCR was carried out with a final volume of 25 l, containing 1 l of each primer, 1 l of digested template DNA and 12.5 l of SYBR green (Bio-Rad, Munich, Germany). The amplification was carried out with initial denaturing at 97 ° C for 10 min, followed by 50 cycles of denaturing at 95 ° C for 2 min, annealing for 90 s at 56 ° C and extension for 1 min at 72 ° C. The product was visualized with a 2% agarose gel. All experiments were repeated 2 times.
Ct measurements were transformed using the formula
to calculate the percentage of methylation change.
Statistical Analyses
Comparisons between groups were performed using either the Mann-Whitney U test or Kruskal-Wallis test, as most variables were not distributed equally. Wilcoxon and t tests (where applicable) as well as analysis of variance (ANOVA) were used to test for marginal dependencies. Univariate analyses were applied to test for correlations between expression levels and promoter methylation taking into account sex, age, BMI and several clinical scales. A stepwise forward linear regression analysis was used to test for possible associations between different variables. A multivariate regression was used to test for possible associations between orexin mRNA and orexin promoter methylation.
All statistical tests were two-tailed, with a significance level of ␣ = 0.05. Data were analyzed using SPSS TM for Windows 18.0 (SPSS Inc., Chicago, Ill., USA).
Results
The mean satisfaction with life was 21.7 points (SD 7.9) in the group of THC-dependent subjects, 29. There was a statistically significant difference in orexin expression between the three groups (p = 0.000, F = 131.4, d.f. = 2, ANOVA; fig. 1 ). Orexin expression was not influenced by sex, age or BMI (data not shown).
Craving measured with a visual analogue scale failed to reach a level of statistical significance but showed a trend towards an association with orexin mRNA expression (p = 0.097, F = 2.447, ANOVA).
Orexin gene expression was statistically significantly correlated with the SWLS (r = -0.28, p = 0.018), the visual analogue scale of craving (r = 0.734, p = 0.000) and three subscales of the WHO ASSIST, namely nicotine consumption (r = 0.388, p = 0.001), alcohol consumption (r = 0.354, p = 0.002) and cannabis consumption (r = 0.783, p = 0.000).
Promoter methylation did not differ between the three groups ( fig. 2 ) . The mean promoter methylation as a percentage was not statistically related to orexin gene expression. However, there was a statistically significant difference in promoter methylation with regard to BMI in general (F = 2.37, d.f. = 54, p = 0.016, ANOVA; fig. 3 ), which was even stronger when dichotomized at a BMI of 25 (F = 12.9, d.f. = 1, p = 0.001, ANOVA; fig. 4 ).
Using a mixed general linear model to test for possible associations between orexin expression and promoter 
Discussion
The presented results show that orexin expression is significantly altered, in the sense of downregulation, in patients with THC dependence compared to nicotine-dependent subjects and healthy controls. Cigarette smokers had lower orexin mRNA expression than nonsmoking healthy controls. Even though addiction is a disease of the individual subject, there might be a complex interplay between the addictive properties of the drug such as THC or nicotine and the individual predisposition, and the orexin system might play a part in the latter.
There are several lines of evidence that hint at a similar direction as the results from the presented studies. In animal studies, it has been found that Rimonabant, an inverse agonist of the CB1 receptor, directly blocks the feeding-relevant endogenous cannabinoid signals through anandamide or 2-arachidonoylglycerol but is also able to block the effects of other unrelated G protein-coupled receptors such as orexin A or B that are localized in hypothalamic nuclei of the same neurons [34] [35] [36] . Crespo et al. [12] a CB1 receptor antagonist are capable of blocking the orexigenic effect of orexin A. Hypothetically, this might lead to downregulation of the orexin system. A similar effect of endocannabinoids on the orexin system has been found in patch-clamp-based research showing that cannabinoids have depressant effects on orexin neurons. These opposing actions could help explain the increase in feeding and reduction in arousal induced by cannabinoids [37] . Results from animal studies have shown that systemic administration of a CB1 receptor antagonist leads to satiety and lower food intake in rats similar to administration of orexin A, supporting the hypothesis that cannabinoid and orexin A systems share a familiar mechanism in the regulation of food intake and that orexigenic circuits are involved in cannabinoid CB1 receptor antagonism-mediated reduction of appetite [12] . It has also been speculated that endocannabinoid and orexin transmission converge in common signalling pathways [15] . As our study subjects with THC dependence demonstrated markedly lower orexin A mRNA expression, it can be hypothesized that exogenously delivered cannabis might operate differently to the endocannabinoid system, which is surely disrupted upon chronic cannabinoid consumption [38] . However, the finding of higher orexin A expression in nonsmokers compared to nicotine-dependent cigarette smokers is in line with other findings of higher plasma orexin A levels in early nicotine withdrawal in comparison to nonsmokers [18] . This result might explain the differences in orexin mRNA expression between smokers and nonsmokers. In this regard, orexin may be a significant regulator of reward and motivation in different kinds of dependencies, in this case comparing cannabis with nicotine dependence [23] . The orexin system seems to be protractedly dysregulated upon alcohol withdrawal [13] , similar to nicotine withdrawal in human subjects [18] .
Another important aspect of dependence is craving. Addiction can be characterized as a chronic and relapsing disorder accompanied by craving, a state of desire that may lead to relapse and continued substance misuse [39] . Previous studies have found an association between orexin A mRNA levels and craving in both acute and protracted alcohol withdrawal [13] . In this study, craving measured with a visual analogue scale was statistically significantly associated with orexin A mRNA expression. This association was related to misuse of nicotine, alcohol and severity of cannabis misuse measured with the WHO ASSIST scale. Other studies have found an association between orexin plasma levels and craving for cigarettes in early nicotine withdrawal [18] . This study did not assess nicotine craving, as in the study design, only one visit was scheduled and nicotine-dependent participants had not abstained from smoking for more than an hour. The orexin system seems to play a role in various dependencies, such as alcohol, cannabis and nicotine and also amphetamine abuse, leading to immense craving that might be similar to the appetitive drive in response to diminished energy stores [40, 41] .
Furthermore, orexin A gene expression was statistically significantly and inversely correlated with satisfaction of life measured with the SWLS. That means that lower orexin expression was associated with less satisfaction with life. This could be explained by the complex interaction of the orexin system, which is downregulated in narcolepsy that is often associated with severe depression. An imbalance between monoaminergic and cholinergic neurotransmission has been proposed as the neurobiological basis of depression as well as narcolepsy. In narcolepsy, this imbalance seems to result from loss of orexins, which might lead to depressive symptoms even in patients without narcolepsy [42] . Furthermore, previous physiological findings in depression show a diminished diurnal variation in cerebrospinal orexin 1 levels. The antidepressant medication sertraline but not bupropion slightly decreased these orexin levels, indicating a serotoninergic influence on the orexin system and a possible involvement in depression [26] . Studies on these relations in rats also showed a suppression of active wake and orexin B caused by the administration of the antidepressant drug clomipramine, hinting at a role of the orexin system in the regulation of sleep and energy homeostasis in depression as well [43] . Unexpectedly, the mean promoter methylation was not statistically related to orexin A gene expression. However, there was a statistically significant difference in promoter methylation with regard to BMI; the higher the orexin A promoter methylation, the higher the BMI. The association between higher body weight and also high BMI levels and high plasma orexin A levels has been well established in several patient groups [44] . In a mixed model with orexin A promoter methylation as the dependent variable, it was only statistically significantly related to the severity of cannabis abuse and the BMI. In sum, the results of the present study hint at a role of the orexin system in cannabis as well as nicotine dependence in comparison to healthy and nonaddicted controls. This is in line with findings in the literature that the orexin system plays a major role in the reinforcing effects of several drugs of abuse such as opioids, nicotine and alcohol; orexins are also associated with the neurobiological mechanisms underlying behaviors from relapse to drug-seeking that might be influenced by drug-related environmental stimuli and stress [24] .
There are some limitations inherent to this study, as follows. Measuring peripheral orexin mRNA levels as well as promoter methylation does not necessarily reflect the situation in certain brain areas, as methylation and subsequently RNA expression are highly region specific [45] . Nevertheless, precedent studies on orexin A expression in depression as well as during alcohol withdrawal have proposed otherwise [13, 46] .
Additionally, the products of cannabis act as agonists on the CB1 and CB2 receptors [47] . The CB1 receptor is expressed mainly in the brain, whereas CB2 is only expressed in peripheral tissues [7] and might interact with peripheral orexin levels as they mainly assert their function presynaptically by influencing neurotransmitter release including dopamine, norepinephrine, glutamate and serotonin [48] . Furthermore, the exact method of application of the drug was not equal in the study population as most subjects with THC dependence used oral as well as inhaled THC. Nevertheless, nicotine-dependent subjects and a sex-and age-matched control group were employed for better evaluation of the results.
The present study managed to assess changes in orexin A expression even with regard to promoter methylation of orexin A in relation to craving, BMI and satisfaction with life, which might possibly be related to brain status, as assumed from similar results from other studies [13, 19, 39, 46] . Research on changes within the brain is not always feasible, so that easily accessible markers are required. Orexin A may be a possible candidate to further elucidate mechanisms of weight gain and addiction in THC dependence. Weight gain is also common in nicotine-dependent subjects upon cessation [49] . Hypothetically, orexin might play a role in this frequently observed weight gain as well as in appetite development with THC abuse.
It has previously been speculated that orexin mRNA might pass the blood-brain barrier as the neuropeptide is also able to pass it [50] . As peripherally expressed orexin A mRNA was found to be a potential surrogate marker for brain status, at least in THC-dependent, depressive and alcohol-dependent subjects, methylation status was assessed in peripheral blood as well [46] . However, there was no statistically measurable relation between mRNA expression and promoter methylation measured as a whole. This might be due to the relatively unspecific method or other regulations between expression and methylation that do not necessarily occur directly; orexin A expression may be controlled via the methylation status of other CPG sites than the CPG island of the orexin A promoter region, or, as the method is only able to measure a mean difference over several CPG sites, the effect might have been concealed, or expression might be regulated through mechanisms other than DNA methylation [51] .
A manifold association between craving, satisfaction with life, THC as well as nicotine dependence, BMI and orexin A mRNA expression is proposed, hinting at the interplay between cannabinoids, cannabinoid receptors, nicotine and nicotine receptors as well as regulation of appetite and arousal and the orexin system. An orexin antagonist might be a promising candidate to treat THC and even nicotine dependence.
